The endoplasmic reticulum (ER) comprises morphologically and functionally distinct domains, 29 sheets and interconnected tubules. These domains undergo dynamic reshaping, in response to 30 changes in the cellular environment. However, the mechanisms behind this rapid remodeling 31 within minutes are largely unknown. Here, we report that ER remodeling is actively driven by 32 lysosomes, following lysosome repositioning in response to changes in nutritional status. The 33 anchorage of lysosomes to ER growth tips is critical for ER tubule elongation and connection. We 34 validate this causal link via the chemo-and optogenetically driven re-positioning of lysosomes, 35 which leads to both a redistribution of the ER tubules and its global morphology. Lysosomes sense 36 metabolic change in the cell and regulate ER tubule distribution accordingly. Dysfunction in this 37 mechanism during axonal extension may lead to axonal growth defects. Our results demonstrate a 38 critical role of lysosome-regulated ER dynamics and reshaping in nutrient responses and neuronal 39 development. 40 41 Main text 42 43
Whilst these proteins affect global ER topology, they cannot explain the rapid and dramatic 48 changes in ER morphology observable on time scales of minutes in live-cell imaging experiments whole ER ( Fig. 2E ). Administration of the inducer led to a recruitment of lysosomes to BicD2 119 which in turn binds to the dynein complex, thus enabling retrograde transport (Fig. 2Ei) . One hour 120 of induction resulted in a significant reduction of lysosome intensity in the peripheral region of the 121 cell and at the same time, the percentage of ER tubule content within the whole network dropped 122 significantly ( Fig. 2Eii and iii) . We proved in a separate experiment that ER stress alone does not 123 lead to the observed ER morphology changes by administering the ER stress inducer Thapsigargin 124 ( Fig. S4) . 125 126 To further validate the causal link between lysosome repositioning and ER redistribution, we used 127 light-induced heterodimerization to recruit kinesin to LAMP1-labelled lysosomes (15) ( Fig. 2F ). 128 When COS-7 cells co-expressing YFP-ER, KIF1A-VVDfast, an anterograde motor protein, and that are known to regulate lysosome positioning (Fig. 3A ) would result in a redistribution of the 142 ER and transition between tubular and sheet domain. First, we starved COS-7 cells in serum-free 143 culture for 4 hr to induce autophagy, which resulted in the accumulation of lysosomes in 144 perinuclear regions (Fig. 3B ). Lysosome movement towards the perinuclear region reduced ER 145 tubules in the cell periphery and a concomitant increase of sheet content in central regions of the 146 cell. In contrast, prolonged serum starvation (24 hr) inhibits autophagy and promotes recycling of 147 lysosomes (16), causing their redistribution throughout the whole cytosol. Under this condition, 148 we observed the restoration of the ER tubular network from a previously sheet-dominated state 149 ( Fig. 3B ). As an example, a dramatic reshaping of the ER is seen to take place in a protrusion 150 forming at a peripheral region of one cell (white box), which is commonly observed under this 151 condition. Motion tracking of lysosomes verified a dominant (>90% among the whole tracks) 152 anterograde motion towards the boxed region ( Fig. S5 and Movie S7). However, in the cells treated 153 with siRNA depletion of ARL8B, which led to compromised anterograde motions of lysosomes, 154 ER was not recovered to their native status under prolonged starvation (Fig. 3B ). Consistent results 155 were observed in siRNA depletion of SKIP. This provides further evidence that lysosome's 156 anterograde motion is essential for the ER tubule extension observed above. Quantitative analysis 157 by measuring lysosome intensity and ER tubule percentage showed that accumulation of lysosome 158 in cell center can lead to significant reduction of ER tubules in peripheral regions defined as the 159 regions beyond 70% of the cell radius, and the repositioning of lysosome in cell periphery is 160 accompanied by an extension of ER tubules (Fig. 3C ), which is dependent on ARL8B and SKIP 161 for anterograde motions. 162 Lysosomes are known sensors of cholesterol levels in cells, and their positioning is affected by 163 prevailing cholesterol levels (17) . In order to examine the effects of intracellular cholesterol levels in the context of ER reshaping, we first incubated cells with U18666A, a compound that prevents 165 cholesterol transfer from lysosomes to the ER and leads to lysosome accumulation in perinuclear 166 regions (18) , which is indeed what we observed upon 3 hr treatment (Fig. 3D ). In cells with 167 perinuclear lysosome positioning, the ER also retracted towards the cell center, and showed 168 reduced tubular content and a prevalence sheet structure. In contrast, depletion of cholesterol in 169 COS-7 cells, via administration of Methyl-β-cyclodextrin (MβCD) for 3 hr, prompted a marked 170 redistribution of lysosomes towards the cell periphery and extension of ER tubules in cell 171 periphery ( Fig. 3D ). However, cells depleted of ARL8B and SKIP failed to extend their ER tubule 172 network in peripheral regions under 3 hr treatment of MβCD, as the lysosomes accumulated in the 173 cell centers (Fig. 3D ). Quantitative analysis by measuring lysosome intensity and ER tubule 174 percentage showed that the distribution of ER tubular domain is contingent on lysosome 175 positioning, which is also dependent on ARL8B and SKIP for anterograde motions (Fig. 3E ). 176 Further examination by administration of Thapsigargin to COS-7 cells showed that the tubule 177 percentage in the global network is relatively consistent with the vehicle control ( Fig. S4 ). This 178 suggest that the reshaping of ER tubule in Fig. 3B and D is not due to ER stress that may be induced 179 by the metabolic manipulations. In summary, these findings support the notion that lysosome-180 driven ER reshaping, which leads to the transition between tubular and sheet domain, is responsive 181 to different metabolic activities. 182 183 These lysosome-regulated ER redistributions can significantly affect the ER morphology in COS-184 7 cells, such as the distribution and organization of tubular network and consequently the ratio 185 between tubular and sheet domain. ER-lysosome contacts are also commonly observed in neurons 186 (19), in which the ER displays continuous tubular structure in axons (20). Whether lysosomes can still drive ER tubule to move and thus maintain ER continuity is not clear, and if so, do they also 188 have any effect on axonal growth? First, to validate the prevalence of lysosome-driven ER motions 189 in a highly polarized system, we studied the cultured axons of Xenopus laevis retinal ganglion cell 190 (RGC) neurons, which is a well-established model to study axonal growth ( Fig. 4A ). Live imaging 191 of ER in RGCs with EGFP-VAPA and lysosomes with LysoTracker showed that 85% (184/217) 192 of lysosomes are coupled with the ER. Consistent with our observation in COS-7 cells, lysosomal 193 pulling of the ER is frequently observed along axons. In Fig. 4Bi , a lysosome (green) is seen to be 194 tethered inside a ring-like structure of a disconnected piece of ER, pulling it along the axon until 195 it reconnects and fuses with an existing ER segment to generate a continuous ER tubule (Movie 196 S8). The lysosome is seen to maintain its anterograde motion after successful ER reconnection. In 4C and D). The ER-lysosome contacts were maintained all the way along the developing RGC 205 axons, even in the growth cones, as seen in Fig. S6 . All these observations suggests that the 206 lysosome-driven ER tubule elongation is a frequent event in axons, which facilitates the ER tubule 207 connections and support axonal growth. The molecular mechanism of how VAPA dependent ER-208 lysosome coupled motion affects the axonal growth would be interesting for future study. 
Summary and Discussion

211
Recent advances in live-cell imaging techniques have revealed new details of the highly dynamic 212 nature of the ER structure and its regulation (3, 4, 5, 21) , posing questions regarding the 213 physiological relevance of this phenomenon. The ER is the main platform for protein and 214 membrane synthesis and quality control of proteins. Lysosomes, on the other hand, are the major 215 sensing and recycling centers, and are actively relocalized in response to cholesterol, nutrient and 216 so on (10, 22). Recent studies have revealed that lysosomes can also transport mRNAs (23) and 217 act as platforms for protein synthesis (24). In this work, we show that movement of ER tubules is 218 actively driven by motile lysosomes, which is facilitated by lysosome-ER anchor proteins. This in 219 turn provides a mechanism for the rapid ER network remodeling required to adapt efficiently to 220 local metabolic changes. 221 
222
It has been shown that the frequent membrane contact sites enable ER to promote endosome 223 translocation to the cell periphery (9), but it is not known whether late endosomes or lysosomes 224 can regulate the global distribution of ER. Our data propose an independent mechanism of 225 regulating ER morphology by lysosome positioning, which is supported by previously reported 226 observations. For example, protrudin, a key anchor protein supporting ER-lysosome contacts, is 227 required to maintain ER sheet-to-tubule balance and the distribution of ER tubules (25). 228 Mechanistic study later showed that the anterograde motion of late endosomes promotes protrusion 229 and neurite outgrowth (9), which is consistent with our observation of cellular protrusion when 230 lysosome localized to peripheral regions at prolonged serum starvation ( Fig. 3B ). This suggests a 
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Critical Commercial Assays
Lysosome velocity
To examine the driving force in ER-LY coupled motions, we transfected COS-7 cells with 738 pEGFPC1-hVAP-A KD/MD and measured the velocity change of lysosomes before and after 739 detachment from the coupled ER tips of 23 events from 11 cells from three independent 740 experiments. We measured the displacement of lysosomes between two frames and divided this 741 with time to obtain the lysosome velocity. 23 events from 3 independent experiments were 742 analyzed. called seeds, were defined as the fraction with 5% higher-density bins. If multiple seeds appeared 755 within a distance of two squares of each other, then only the one with the highest value was kept. 756 For each seed bin, we computed a new density map of size 22 squares, centered on the seed bin 757 center and with bin size ∆x/= 200 nm. From this local map, we kept only the ensemble that have 758 a density > 80% of the central bin value. We collected the trajectory points falling into these bins 759 and from which we computed the corresponding ellipse through their covariance matrix (34). 760 Finally, when ellipses overlap, we applied an iterative procedure that merge two overlapping 761 ellipses by computing the ellipse based on the ensemble of points falling in each ellipse. The 762 procedure is iterated until there are no more overlaps. From these high-density regions, by 763 considering the displacements connecting different regions, we reconstructed a network explored 764 by the lysosomes, in which a link (yellow) was added when at least one trajectory started in one 765 and entered to the other. Lysosomes appear to traffic between nodes indicated by ellipses. Gaussian noise that is typical for optical microscopy. 881 As for preparing the training data, a very crude segmentation could be performed using grayscale 882 pixel intensity thresholding after applying this denoising method to raw images. A few of these segmentation maps were then manually cleaned and finalized by drawing in a raster graphics 884 editor. These partially hand-drawn segmentation maps then served as targets, i.e. ground truths, in 885 the supervised training of the segmentation network. 886 To make it feasible for the network to learn to segment the ER images from the relatively small 887 training dataset, a few means of data augmentation were used. Firstly, each segmentation training 888 pair was randomly cropped many times, which shifts the structures from frame to frame and brings 889 the image size down to a manageable size for a graphics card (256x256 pixels laminar flow hood or a microbiological safety cabinet). They are next coated with 10 µg/ml poly-923 L-lysine (Sigma) overnight at room temperature. Excess poly-L-lysine is discarded from the 924 dishes, which are then rinsed three times with double-distilled water and left in the hood until dry. 925 Subsequently, the dishes are coated with 10 µg/ml laminin (Sigma) in L15 (GIBCO) for 1-3 hours. 926 Finally, the laminin solution is replaced with culture medium (60% (v/v) of L15, 1% (v/v) 927 Antibiotic-antimycotic (100x), in double-distilled water, pH 7.6-7.8, sterilized with 0.22µm pore-928 size filters), in which dissected eyes can be placed. 
